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Raman and Brillouin spectroscopic studies of CH single crystals in phases | and I
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A technique has been developed for obtaining single crystals of solid methane in phase Il which can be
reached only from within phase | at zero pressure. LargéQ mnt) single crystals of CiH were grown in
a cylindrical quartz cell and successfully cooled below the phase-transition temperature. Brillouin spectra were
collected at different crystal orientations corresponding to rotation about the laboratotg. X-ray Laue
diffraction techniques were applied to determine the orientation of the crystals in the laboratory frame. The
elastic constants of CH were determined as a function of temperature from 90 to 20.5 K and the elastic
constants of ClHI were determined as a function of temperature from 19.5 to 15.5 K. The data in both phases
were also used to calculate the Poisson ratio, bulk and shear moduli, the distribution of the acoustic velocities
in high-symmetry planes, and the Debye temperature. Raman spectra of the fundamental,randes were
recorded and their shifts and full widths at half height were determined as a function of temperature through
the phase transitioiS0163-182808)05429-0

[. INTRODUCTION to understanding the microscopic properties of the orienta-
tional disorder, and the rotation-translatioRT) coupling
The discovery of helium by Janssen and Lockyer in 1868mechanisnt? RT coupling is the interaction between the
and argon by Rayleigh and Ram&ayitimately created a center-of-mass displacements and large-amplitude orienta-
new field of interest in physics—rare-gas soliRGS. tional motion that may occur in molecular crystals, or crys-
These solids have been and still are the subject of a widgls with molecular ions, and may cause a change in the state
range of experiments, for the molecular-dynamic simulation®f orientational(dis)order. Such effects are of particular in-
and for testing the predictions of lattice-dynamics theoriesterest with respect to phase transitions.
In many respects the inert gases form the simplest crystals Methane and its deuterated species have been under in-
known. These crystals are composed of atoms with comvestigation in spectroscoptg; >’ ultrasonic?® calorimetric®®
pletely filled electron shells and have spherically symmetricneutron scatterind)>* and x-ray°>—*? experiments. Also,
distributions of electronic charge. They all have a face-there was a series of theoretical papers on meffiatfand
centered-cubicfcc) structure with the exception of Hand  molecular-dynamics simulations.The experiments yielded
He* (which also have fcc structure at higher pressdres. important information about the phase transition and at-
These solids also were the first materials that were subject t@mpts were made to describe both phases of methane at low
methodical study by Brillouin spectroscopy’ temperature. But there were insufficient data on the elastic
The considerable progress that has been made in undeproperties of methane and its deuterated compounds due to
standing the properties of the RGS has provided impetus fahe difficulties in growing optically accessible single crystals
theoretical and experimental research on more complex sysf these compounds and maintaining them in an unstrained
tems such as molecular crystals. The molecular crystals afate in both phases. To date only a few experiments on the
much more complicated systems than the RGS. Amonglastic properties of methane have been publighég®
them, methane is archetypal because, with increasingly consome values of elastic constants obtained by different tech-
plicated crystal structure and intermolecular forces, it stillniques for CH and CD, are given in Table I. It can be seen
remains a relatively simple compound. Just like the RGSthat much more work has been done on heavy methane al-
methane forms a cubic fcc lattice with van der Waals interthough there are likewise no consistent data for,@er a
action between molecules, it has closed electron shells, anwlide temperature range.
is almost spherically symmetric. Crystalline methane is of In contrast to the rare-gas solids, for which good agree-
particular interest because it belongs to a class of materialment between experimental and calculated values of elastic
where the constituent molecules are orientationally disorconstants has been showh®*°~®there are difficulties in
dered(OD) over a wide temperature range. dealing with molecular solids such as methane. For example,
The properties of methane are also of interest for a numfor krypton and argon, whose physical characteristics are
ber of other reasons. It is the major constituamnt to 97%  close to methane, elastic constants have been determined and
of natural gas found on eartht also is a significant hydro- the phonon-dispersion curves along high-symmetry direc-
carbon constituent of several planetary bodies in the soldions have been measuréd*in good agreement with theo-
system. Condensed GHpossibly crystallinghas been iden- retical calculations. In Table Il ratios of sound velocities in
tified on Plut§ and Neptune’s moon Tritoh.Condensed high-symmetry directions and anisotropy factwf the rare-
CH, is expected to exist on UrantYsand Neptuné?! gas solid® are compared with those for OD crystals of mo-
Knowledge of the elastic properties is clearly of interestlecular solids. It can be seen that all the ratig¢V, are the
in the latter context. Such information can also provide a keysame to within a few percent with the exception\gfV, in
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TABLE |. Comparison of experimental and theoretical values of elastic condearag of CH, and
CD,. The temperature¥ are in Kelvins, and the elastic constants are in units of kbar unless otherwise noted.

CH, T Cuy Cow Cu Ref.
Brillouin spectra 90.4 19.570.30 14.46:0.20 9.20:0.15 20
Molecular dynamics 91.0 16.401.00 13.6-1.00 6.00:0.30 55
Brillouin spectrd 300 10-25 8-23 4-7 27
Brillouin spectra 89.2 20.040.30 15.06:0.24 9.15-0.15 20
Neutron scatt. 325 30.802.00 21.46:-2.40 15.8-0.60 33
Born—von Karman 325 34.10 26.8 14.20 33
Lennard-Jones 345 30.70 16.40 18.6 30
Neutron scatt. 345 32.801.6 23.90:1.6 14.9-1.0 30

&The values of elastic constants are in GPa. Pressure was varied from 1 to 5 GPa.

the (110 direction for OD crystals wher¥, /V, is higher by  eight molecule$™®’ The objective of the present work was
~25% in CH,, CD,, CBr4, and enormously high in Cgl to obtain consistent values of elastic constants over a wide
which is a fascinating substance with respect to RT by itselfrange of the temperature and including phase Il. Phase I
This anomaly is due to a low value &f in the (110 direc-  exists only at higher pressures and it was not investigated in
tion and sometimes is called “transverse mode softening.’the present experiment.
A similar comment applies to the anisotropy factor which is
~30% larger in OD crystals than in RGS. This is a direct Il. EXPERIMENTAL TECHNIQUE
consequence of RT coupling.
Most recently, a theoretical approach to RT coupling was
undertaken by Lynden-Bell and Mich® They have shown There is an abundance of Raman data for lifutdand
that RT coupling is caused by the changes in orientationgbolycrystalliné®?! methane at different pressures and tem-
potential felt by a molecule when it or nearby molecules orperatures, but there is relatively littte Raman data pertaining
atoms move. The amount of this change depends on the atp phase transitions and RT coupling in single crystals. The
tual strength and form of the intermolecular potential. Theypresent experiment was consequently designed to conduct
also showed that RT coupling in orientationally disorderedthe Raman spectroscopy experiment simultaneously with the
crystals can influence phase transitions, affect the value drillouin investigations. Raman measurements were made
elastic constants, and change the appearance of phonon spasing a cooled RCA C31034 photomultiplier tube and a Spex
tra. model 1401 double-grating spectrometer, which was modi-
Unlike its fully deuterated species, which exists in threefied for computer control and data acquisition.
different solid phases under its own vapor pressure, normal A schematic optical diagram for the Raman experiment is
methane CH exists only in phase I(space group shown in Fig. 1. The optical axis of the spectrometer was
Fm3m)337 which extends from the melting point of 90.67 perpendicular to thg axis of the laboratory reference frame
K to T,=20.5 K, and in phase Kspace groufgrm3c)3*%’at  which was defined by a He-Ne laser beam. The incident
temperatures below.. Phase | is fcc with four molecules (vertica) beam of the argon laser defined the laboratory
per unit cell. In this phase all molecules are free to rotate andxis. The scattered light was collected horizontally through a
there is no orientational order. Phase |l is also fcc but thepolarizer P by a collecting lens,;LThen, the light was fo-
transition to this phase involves the ordering of six out ofcused by the lens Jon to a polarization scrambler S, in
order to compensate for the different polarization sensitivi-
TABLE II. Ratios of sound velocities in high-symmetry direc- ties of the spectrometer. The frequency calibrations were
tions and anisotropy factor of the rare-gas solids compared witldone with a hollow-cathode thorium/neon discharge tube.
those for orientationally disordered crystals.

(1000 (111 (110 (110 _—— , - _
Crystal TK) VIV, ViIV, V\IVy V,/V, A Ref. The Brillouin technique used for determining the elastic

constants is very well known and document&d®®|t is

A. Raman technique

B. Brillouin technique

Ar 80.0 146 227 166 275 273 4 Dbased on the inelastic scattering of the incident light on the
Ne 240 140 220 161 266 274 5 thermal acoustic waves propagating in the scattering media.
Kr 1156 145 226 1.66 273 270 6 The scattered light is Doppler shifted and the shift is de-

Xe 160.0 1.44 224 1.65 271 274 3 scribed by the Brillouin equation:

CCl,-(la) 244.1 1.79 3.07 2.01 470 3.48 80 V 2]

CBr,-l 3330 162 265 1.83 354 373 81 Q== ZnXSin<§) : 1)

CHy-1 904 146 244 1.69 3.20 360 20

CD, 892 148 247 171 325 1363 20 WhereQ is a frequency shiftn is the refractive index of the

crystal, 6 is the scattering angle andandV are the wave-
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A schematic optical diagram for the Brillouin experiment
is shown in Fig. 1. A20 mW, 514.5 nmlaser beam from a
Spectra Physics Series 2000 single-mode argon laser was
incident vertically along the axis of the cell. The scattered
light of interest was collected horizontally through a narrow
band pass filter, § by a collecting lens, L. The collimated
beam was then incident on a piezoelectrically scanned,
triple-pass Fabry-Perot interferometéP) with a finesse and
spectral free range of 50 and 18.20 GHz, respectively. The
; DAS-2 AD light from the Fabry-Perot was focused by lensthrough a
DAS-1 |—|SPECTROMETER ; pinhole D, on to the cathode of an ITT FW 130 photomul-
tiplier tube (PM) operating in photon counting mode. The
; signal from the photomultiplier was passed to a computer-
AT LASER HO --------- 7™, controlled data acquisition syste(@AS-2) through an am-
plifier discriminator, AD. The DAS-2 stored the spectrum in
FIG. 1. Experimental setup; s a narrow band pass filterglis & 1280 multichannel memory, displayed the spectrum on the
a focusing lens, He-Ne is the alignment lases, 1a mirror, C is ~ SCreen, and perf_ormed all functions req_uwed_ to control the
the x-ray collimator, At is the argon lasefa) Raman part: k,are ~ SCanning of the interferometer. The optic axis of the spec-

lenses, DAS-1 is the data acquisition system, P is the polarizer, S ometer and they axis of the Iabor:?ltory reference frame
the scrambler(b) Brillouin part: PM is the photomultiplier tube, Were coincident and were both defined by a He-Ne laser

AD is the amplifier discriminator, Fis a narrow band pass filter, beam. The inciderfvertica) beam of the argon laser defined

L,s are lenses, P, are pinholes, DAS-2 is the data acquisition the laboratoryz axis. The axis of the x-ray machine was

system. aligned with the optic axis to ensure that the radiation passed
through the region of the crystal at the focus of lens L

length of the incident light and sound velocity, respectively.

The relation between the frequency shifts and elastic con-
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stants is given by a secular equation, known as a Christoffel C. Sample preparation
determinant: The CH, gas used in the experiment was of research-
ICy NNy — pV28, | =0 @) grade quality(Matheson, minimum purity 99.99%6The tu-
ijki NN — ik| =0.

bular quartz cell containing the gas was mounted in a liquid-
This is a cubic equation fopV?, wherep is the density. helium cryostat and was rotatable about the vertical axis. The
Three roots of this equation correspond to the three polarizesell was filled to a pressure of approximately 350 Torr and
tion vectors of the acoustic modes which, for the high-then the gas was liquefied and cooled t®1 K. Large
symmetry direction§100), (110, and(111), correspondto (~50 mn?) single crystals of Ci were then grown from
one longitudinakthe one with the highest velocityand two  the liquid.

transverse modes. In other directions the modes can be de- During the first stage of this process crystals were gener-
scribed by their predominant polarization as “quasilongitu-ally grown by lowering the temperature of the cell very
dinal” or “quasitransverse.” These roots are functions of slowly (0.005-0.1 K per hourin the presence of a tempera-
the elastic constants and the direction cosines of the crystdire gradient -1 K/cm) between the top and the bottom of
The direction cosines are related to the laboratory frame vighe cell until a small seed was formed on the bottom. This
the Euler angle®, ¢, and y, which can be determined by procedure usually took around 10—12 h. X-ray Laliférac-
x-ray diffraction techniques. Once the orientation of the crystion photographs were then taken to ensure that the crystal
tal is known, a nonlinear least-squares fitting routine can b&eed was single and of good quality. These photographs were
applied to the combined equatiofty and (2) to determine also used to determine the orientation of the crystal.

the elastic constants. The procedure starts with an initial Next the crystal was prepared for cooling to the desired
guess for the elastic constants. The values of elastic constarigmperature. Cooling a van der Waals solid is very difficult
are put into the Cristoffel determinant and then determinanbecause the combination of a high coefficient of thermal ex-
is solved, yielding the values fgrV2. The values fol are  pansion and strong adhesion to the cell wall usually results in
used to calculate the frequency shifts using the Brillouinfracturing of the crystal after even a modest drop in tempera-
equation and the calculated frequencies are compared withire. This problem was circumvented in the experiment by
the measured ones. A least-squares fitting routine is theemploying an electrically conducting and optically transpar-
applied to minimize the difference between the calculatecent film deposited on the exterior walls of the cell. By ap-
and measured frequency shifts. The quangfy which is  plying a voltage across this filrtfrom top to bottom, and
minimized by the parameter searches through the elastiimultaneously removing methane vapor from the cell by

constant space is determined by pumping, it was possible to separate the crystal from the cell
walls. This required a delicate balance between the rate of
N [ ycale_,obs) 2 pumping, raising the film voltage and lowering the tempera-
2_2 | | 3 .
X'= 2 e ) (3 ture. When successful, the result was a crystal standing

freely on the bottomwindow) of the cell. Subsequently the
whereN is the total number of the measurements at a giveriemperature of the cell could sometimes be lowered auto-
temperature and- is the experimental uncertainty. matically by as much as 10 K per hour to any desired value
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FIG. 2. Typical Raman spectra of andv; of CH,. (a) and(c)
show thewv, spectrum in phases | and I, respectively, ghpland FIG. 3. The shift(a) and full width at half heightb) of v, as a
(d) are corresponding spectra faox. v; was recorded with the function of temperature.¢ ) indicates the second peak which ap-
polarizer axis perpendicular to the polarization vector of the inci-peared after the phase transitioiz )(indicates values from Ref. 73.
dent laser beam. The errors in measurements of shift are comparable to the symbol

size. The errors in measurements of FWHM are estimated to be

without significant deterioration in crystal quality. Usually, ~2%. The dashed lines are positioned at the phase transition tem-
however, there was some deterioration in crystal quality. Aperature of 20.5 K and at the liquid-solid phase boundary at 90.67
the lower temperature it is desirable to regrow the crystak.
against the walls but satisfactory results are extremely diffi-

cult to achieve. The Raman shift value§Fig. 3) are consistently higher by
~3 cm ! than those of Ref. 15. There is little change in the
Il. RESULTS shift throughout the temperature range of phase I, but there is
_ a distinct downshifting effect on entering phase Il. The most
A. Raman scattering interesting effect is the widening of the main peak igf

It is well known that a methane-like five-atomic tetrahe- when the crystal goes through the phase transition. The
dral molecule has four fundamental vibrational moea:  width of the peak changes from 1.6 to 0.87 chithrough the
totally symmetricv,(A,), a doubly degenerate,(E), and temperature range of phase I. On passing through the phase
two triply degeneraters(F,) andv,(F.,). v, also is infrared  transition at 20.5 K it jumps to 1.57 cm and continues to
active but was not observed in this experiment. Attempts tdise as the temperature is further reduced. Assuming, as sug-
detect the(externa) lattice modes in phase Il were unsuc- gested elsewheréRef. 74, that the principal broadening
cessful. Only thev; and v; features were consistently ob- mechanism in phase | is fast-modulation dephasing, it is
served over the investigated temperature range, and sonfigely that the increased width in phase Il is due to an inho-
representative spectra for both phases are shown in Fig. 2.mogeneous broadening contribution arising from the
can be seen that the phase transition is readily detected vikm3c) ordering.
the splitting of thev, feature and the more dramatic narrow-  In order to calculate the linewidth of; it is necessary to
ing of v3. Corresponding spectra were recorded for differenteliminate the line 2,. Becausev; is completely depolarized
crystal orientations but there were no detectable differencegind 2, is completely polarized this can be achieved by em-

The full width at half maximum(FWHM) of v, was de-  ploying a polarize(see Fig. 2 The width of thev; feature
termined by employing a deconvolution process to correcaverages about 70 ¢m in phase I, and instrumental line-
for the finite spectrometer resolution. In this process the obwidth contributions were not significant in this case. The
served profiles for both the Raman line and the ldsetru-  changes inv; are the most obvious ones observed in this
menta) line were first fitted with Lorentzian functions. In experiment(Fig. 4. The Raman shift changes from 3026
both cases the quality of the fits was excellent and the priem™! at 90 to 3016.9 cm! at 20.5 K and then it downshifts
mary effect was one of smoothing. The Fourieosing co-  to 3014.5 cm? in phase Il. Thev; linewidth changes by a
efficients were then determined for each fitted function andactor of 3 from 90 to 20.5 K and when the crystal goes
deconvolution was achieved by simply dividing the corre-through the phase transition it suddenly decreases from 34 to
sponding coefficients. The corrected spectrum was then obt.6 cm L. This latter effect was a sensitive test of whether
tained as the inverse Fourier transfofThe resulting pro-  the phase transition had actually occurred. In some cases a
files were then fitted to a Lorentzian line shape and thalistinct “overcooling” effect was observed when the tem-
position of the peak and its FWHM were deduced. The reperature was well below the normal phase-transition tem-
sults for thev, line are shown in Fig. 3. The points for liquid perature but the linewidth and height of clearly indicated
CH, from Ref. 73 were measured using Fabry-Perot interferthat the phase transition had not occurred. A light tapping on
ometry and are consistent with the present measurement$ie cryostat would then initiate the phase transition which
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3028.0 T w TABLE IlIl. Elastic constants of Cllin phase | and Il in kbars.
“ Temperatures are accurate to withir0.2 K.
<~ 30230 [ c ' 1
£ . : T(K) Cu Ci Cu
; . (a)
= 30180 - o f Phase |
0" 90.0 19.6:0.2 14.8:0.1 9.2:£0.1
2013.0 i . 70.0 23.8:0.3 16.9:0.3 11.5:0.2
: : 60.0 25.4-0.2 17.70.2 12.6:0.2
90.0 - . by *° | 54.0 26.7-0.2 18.2+0.2 13.3:0.1
, . B . 50.0 27.2:0.2 18.3:0.2 13.9:0.1
-.; 60.0 - . vl © <>7 J 48.1 26.7-0.2 18.3:0.2 14.1+0.1
E 1 oy ' L AR 38.0 28.9-0.3 19.4+0.2 15.6:0.2
30.0 - -~ 200 o 1A 30.0 29.7-0.3 18.8:0.2 15.8:0.2
g oo l® + & . 26.1 29.5-0.3 19.4:0.2 16.9:0.2
°~C1’0'0 30.0 50.0 70.0 90.0 25.0 30.2:0.3 19.4:0.2 16.7:0.2
24.8 30.%0.3 19.3:0.2 18.2:0.2
T K) 23.0 30.0:0.3 19.2:0.2 16.5-0.3
. . . 22.3 31.10.3 19.0+0.2 18.1+0.2
FIG. 4. The shift(a) and full width at half heightb) of v; as a
. . 21.3 30.4:0.3 19.5:0.3 18.6:0.2
function of temperature. The®) symbols are for decreasing and 205 31.4-0.3 10,8 0.2 18.8:0.2
the (¢) symbols for increasing temperatures, respectively. The in- : A e R
set (c) shows a magnified view of FWHM around the phase- Phase I
transition temperature. The errors in measurements of shift are com- 14 3 30.9-0.3 18.1-0.2 19.3-0.3
parable to the symbol size. The errors in measurements of FWHM 173 33.9-0.3 19.0+0.3 18.7-0.3
are estimated to be 2%. The dashed lines are positioned as in Fig. ' e e e
15.5 34.0:0.3 19.3:0.2 19.4+0.2

3.

would be complete within a few minutes. An attempt wasnumber of experimental points. The dependences of the elas-

made to observe the associated hysteresis effect in the bgc constants on temperature, as determined by the linear fits
havior of a linewidth corresponding to that demonstrated inn phase | are

the enthalpy measurements of Ref. 29. The single point at
18.5 K in Fig. 4c) suggests the existence of such an effect Cy14(T)=—0.1497+34.02, (4
but more precise measurements of the sample temperature
are needed in order to confirm it. Cyo(T)=—0.059T +20.93, (5)

B. Brillouin scattering CuT)=—0.128T+20.41. (6)

In phase | more than 15 independent crystals were stud-
ied, but only three were successfully cooled below the phase I\‘

transition temperature. Because of the development of inter: 1

nal defects, the quality of spectra tended to deteriorate with 300 - l W
decreasing temperature and some orientations produced be I cui

ter spectra than others. As a general rule spectra were meic : !

sured in 5° or 10° intervals through 70° in the angle ;

Both the density and refractive index of a crystal are ' i
needed for calculating the elastic constants from the Bril- Frr—tt—
louin frequency shifts. The refractive index of solid methane |
at the triple point is know#? and equal to 1.323. The density
is also known for the 90-10 K temperature rangdhe

Lorentz-Lorenz relation was consequently used to calculate 185 - I i I [ .
refractive indices over the wide temperature range required I l \TI\Tﬁ]\

ar
™
a
)

20.0 -

15.0

Elastic Constants (kb

The resulting values of the elastic constants for both phase C
of solid methane are listed in Table Il and plottésblid
circles versus temperature close to the phase-transition poin 14.0 19.0 24.0 29.0 340

in Fig. 5. This figure also includes least-squares linear fits to T&

the plotted values for each elastic constant. It is interesting t0 £ 5. Ejastic constants of GHas a function of temperature.

note thatC,, andCy; have steeper slopes th@,. Conse-  The error bars shown represent the standard deviation in the best fit
quently, C4, becomes comparable wif,, at the tempera- parameters and uncertainties in the frequency shift and crystal ori-
tures close to the phase transition and in phase Il. In phase éhtation. The dashed line is positioned at the phase-transition tem-
the slopes and values &;, and C,, are almost equal, al- perature of 20.5 K. The solid lines in the phase Il are drawn only as

though no firm conclusions can be made owing to the smalyuides to the eye.
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FIG. 6. Elastic constants of GHas

a function of temperature.

T (K)

FIG. 7. Elastic moduli and anisotropy factor of Clds a func-

The combinations correspond to the longitudinal and two transversgy, of temperature(a) Bulk modulus.(b) Shear modulus(c) An-
waves in the(110 direction. The error bars shown are from the jsotropy factor. The error bars shown are from the errors in elastic
errors in elastic constants as in Fig. 5. The dashed line is positionegynsiants as in Fig. 5. The dashed line is positioned as in Fig. 5.

as in Fig. 5.

There are no significant changes in the elastic constants
when the crystal goes through the phase transition but tem-
perature dependences are noticeably differentGeyr and

Cio.

The combinations of elastic constants corresponding t

the (110 direction are shown in

and C,4, plots correspond to two shear moduli in the cubic

structure.

culated as

1
B= §(C11+ 2C12).

The aggregate shear modulu§){vas obtained from the
Voight-Reuss-Hill averaging methddThese parameters are
shown in Figs. 7a) and %b). The bulk modulus increases by
a factor 1.5 and the shear modulus increases by a factor of .

Fig. 6. Th&(C1;— Cyo)

A: ~ __~
Cll_ClZ

£Ca ®

and the quantityp=(C,,—C,4)/C4,. The latter is a measure

of the extent to which the Cauchy relatithC,,=C,, is
Qiolated and, in turn, indicates the level of importance of
noncentral forces between molecules. Both quantities are
plotted as a function of temperature in Fig&c)7and §a). As

the temperature is decreased decreases from 4 te-2.5,

With elastic constants known, the bulk modulus was Cal'and&decreases from- 0.4 to+0.05. TheA value compares

very closely with the RGS at temperatures below the phase
transition and, when taken in conjunction with-0, sug-

@)

gests that the lattice dynamics can be described quite well by
nearest-neighbor central forces.

0.40 I :
030 - |
020 | -
w |
0.10

0.00 |-

with decreasing temperature over the investigated range -

There are no noticeable changes in the values of elasti
moduli such asB, (C;;—C15)/2 and C44 When passing
through the phase transition. The phase transition was con o
firmed by the observation of changes in theand v modes

of the vibrational Raman spectra.

Lynden-Bell and Michéf have showed that softening of —
the elastic constants can occur via rotation-translation cou- _
pling at thel" point (RzO) as a result of coupling to thie z«
=4 rotator function. They anticipated that the effect would '
be comparatively small due to the high valuelofnvolved
and that it should not be affected by the phase transition.

-0.10 t 1

0.30 -

026 -

105.0 |- I

85.0

IS ¢ ., 2

+ +

This is indeed what is observed in the present experiment: al
three elastic constants show small increases with decreasing fG. 8. (a) 5= (C,,—C,4)/C, as a function of temperaturéo)
temperature, and there is no significant effect at the phasgoisson ratiar. The (A) are from Ref. 76(c) Debye temperature
of solid CH, (@). Compared with results/A) from Ref. 39 and
The most notable changes are associated with the anisqt¢ ) Debye temperature of solid argon from Ref. 78 &nd Ref.
79. The dashed line is positioned as in Fig. 5.

transition.
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@$
v

T1
1000 T,
a=|
-3040.0 1000,0

~+-3000.0

-3000.0 10 -3000.0

T

iy
N

—3000.0 -

155K

) 3000, 1000.0

/\

7R
T

-3000.0 -

FIG. 9. Acoustic velocitiegin ms 1) in high-symmetry planes.
(a) and(b) are at 89 K(phase ). (c) and(d) are at 15.5 K(phase IJ.
(a) and(c) are in the(100) plane,(b) and(d) are in the(110) plane.
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where# is Planck’s constankg is Boltzmann’s constantyl

is the Avogadro number, and is the molar volume. In the
above expression the mean velocWy, was computed at
each temperature by averaging over the three reciprocal ve-
locity surfaces:

ol
V3av

wherew is an element of solid angle. The resulting values of
the Debye temperature are plotted versus temperature in Fig.
8(c), Also shown are the Debye temperatures obtained on the
basis of x-ray measurements from Ref. 39. It can be seen
[Fig. 8(c)] that the values of Debye temperature obtained in
our experiment are consistently higher than in Ref. 39 but the
dependence on temperature is essentially the same. Also, the
Debye temperature of solid argon measured by calorimetric
methods from Refs. 78 and 79 is shown for comparison.

1 1

—+ = do,
ViV

11

4+ —
3
Vi

IV. CONCLUSIONS

Having determined the complete set of elastic constants, In this paper, a comprehensive study of solid methane was
the acoustic velocity can be calculated for any propagatiogarried out using optical spectroscopic techniques at low
direction. As an example the acoustic velocities for all direc-temperatures. A technique for growing and cooling single
tions in the(100 and(110) planes in both phases are shown crystals was developed and applied to the two phases of
in Fig. 9. AlthoughC,, andC,, converge to the same value methane. The elastic properties were determined by the
in phase 11, there is no correspondingly significant effect inmeans of Brillouin spectroscopy. The wave numbers of in-
the angular dependence of the velocity. There is, however, trnal modes and their linewidths were measured by the Ra-
detectable tendency towards higher isotropy in phase Il. man scattering which clearly signaled the occurrence of the

The Poisson ratio was calculated using the expression phase transition at 20.5 K. Such characteristics as the anisot-

C(VP-2v))

- , 9
2(Vi—VD) ©

ropy factor and violation of the Cauchy relation in phase Il
were found to show some similarities between ,£Hand
rare-gas solids. The analysis of the behavior of Raman lines
is consistent with partial quenching of rotational motion in

whereV, andV, are the values averaged over the reciprocaphase Il. The work is being extended to a study of solid
velocity surfaces. The temperature dependence of the Poiseavy methan¢CD,) particularly in phase Ill.

son ratio is shown in Fig.(®) and compared with that from

Ref. 76.
The Debye
expressioff

672N\ 2V,
pb=|—— (10

Vv kg '

temperature was determined via the
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